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ABSTRACX 

T h i s  paper  i s  a t h e o r e t i c a l  i n v e s t i g a t i o n  of t h e  i m p l i c a t i o n s  € o r  

t h e  o r i g i n  of c o n t i n e n t s  and ocean b a s i n s  of t h r e e  p o s s i b l e  chemical 

composi t ions  f o r  t h e  l u n a r  h ighlands :  u l t r a b a s i c ,  b a s i c ,  and i n t e r m e d i a t e  

t o  a c i d i c .  U l t r a b a s i c  o r  b a s i c  l u n a r  h i g h l a n d s  w m l d  imply t h a t  t h e  

e x i s t e n c e  of s i a l i c  c r u s t  on t h e  e a r t h  i s  due t o  some major  d i f f e r e n c e  

between t h e  e a r t h  and t h e  moon; the t h r e e  most l i k e l y  a r e  presence of 

a n  atmosphere,  p resence  of a c o r e ,  and s i z e .  The t h e o r y  t h a t  c o n t i n e n t s  

a r e  e s s e n t i a l l y  g e o s y n c l i n a l  a c c r e t i m s  i s  shown by r e c e n t  g e o l o g i c a l  

i n v e s t i g a t i o n s  t o  have numerous weaknesses,  and may imply a n  age fDr the  

e a r t h  of over  5 b i l l i o n  y e a r s .  A proposed a l t e r n a t i v e  i s  t h a t  l a r g e ,  t h i c k  

p r i m o r d i a l  c o n t i n e n t s  were formed by high-pressure  magmatic p r x e s s e s  caused 

by e a r l y  s e g r e g a t i o n  of t h e  c o r e ,  wi th  l a t e r  c o n t i n e n t a l  e v o l u t i o n  be ing  

e s s e n t i a l l y  s u b o r d i n a t e  a c c r e t i o n  t o  and reworking of t h e s e  pro to-cDnt inents .  

A b a s i c  composi t ion f o r  t h e  l u n a r  h ighlands  would imply t h a t  t h e  b a s i c  

c r u s t a l  l a y e r s  of the  e a r t h  are the remnants of  a p r i m o r d i a l  b a s a l t i c  c r u s t .  

S i a l i c  l u n a r  h i g h l a n d s  would imply t h a t  c a n t i n e n t s  a r e  e s s e n t i a l l y  igneous ,  

and d e r i v e d  from t h e  mantle  e a r l y  i n  geologic  t i m e .  Furthermore,  t h e  n e a r l y -  

g l o b a l  e x t e n t  of t h e  l u n a r  highlands s u g g e s t s  t h a t  t h e  e a r t h ' s  crust  has 

evolved  by growth of ocean b a s i n s  r a t h e r  t h a n  c o n t i n e n t s ,  perhaps by founder ing  

of c o n t i n e n t a l  segments under f lood basalts a s  proposed by Beloussov. A 



geochemical probe of Venus i s  recommended a s  a n  approach t o  f u r t h e r  

s t u d y  of c o n t i n e n t  f o r m a t i o n ,  because t h e  n e a r l y - i d e n t i c a l  s i z e  and d e n s i t y  

of Venus would e l i m i n a t e  t h e  v a r i a b l e s  of  mass and c o r e  format ion  c o m p l i c a t i n g  

t h e  earth-moon comparison. 
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~~ 



Composition of t h e  Lunar Highlands: P o s s i b l e  I m p l i c a t i o n s  

f o r  E v o l u t i o n  of t h e  E a r t h ' s  C r u s t  

I n t r o d u c t i o n  

Comprehensive Lnf o -- LLLfaI.ion - + on the a g g r e g a t e  chemical composi t ion of t h e  

l u n a r  h i g h l a n d s  should become a v a i l a b l e  w i t h i n  a few y e a r s .  T h i s  knowledge 

w i l l  have major  i m p l i c a t i o n s  f o r  the  o r i g i n  of c o n t i n e n t s  and ocean b a s i n s ,  

when i n t e g r a t e d  w i t h  t e r r e s t r i a l  s t u d i e s .  The purpose of  t h i s  paper  i s  t o  

h e l p  provide a foundat ion  f o r  such an i n t e g r a t i o n  by c r i t i c a l l y  summarizing 

what  appear  t o  be t h e  major geologic  i m p l i c a t i o n s  of  s e v e r a l  p o s s i b l e  

composi t ions  f o r  t h e  l u n a r  h ighlands .  

The term " lunar  highlands" a s  used h e r e  r e f e r s  t o  t h e  d e n s e l y  c r a t e r e d  

pre-mare t e r r a i n  w i t h  r e l a t i v e l y  high a l b e d o  (0.10 t o  0.15)  t y p i c a l  o f  t h e  

moon's f a r  s i d e  and t h e  s o u t h e r n  p a r t  of t h e  ear thward  hemisphere.  I t  

should  be poin ted  o u t  t h a t  p a r t s  of t h e  l u n a r  h i g h l a n d s ,  t h e  t e r r a i n  s u r -  

rounding  t h e  n e a r l y  c i rcular  m a r i a  such as Mare Imbrium, Mare C r i s i u m ,  and 

Mare Humorum, may be impact e j e c t a  d e r i v e d  from c o n s i d e r a b l e  d e p t h s  (Hackman, 

1966,  McCauley, 1967) and hence p o s s i b l y  v e r y  d i f f e r e n t  from t h e  bulk  of t h e  

h i g h l a n d  m a t e r i a l .  

It w i l l  be assumed t h a t  t h e  lunar  h i g h l a n d s ,  l i k e  t e r r e s t r i a l  c o n t i n e n t s ,  

c a n  be c a t e g o r i z e d  under one of t h e  f o l l o w i n g  major  headings :  

(1) U l t r a b a s i c  ( u l t r a m a f i c )  - S i 0  c o n t e n t  about  44%, ( w a t e r - f r e e  2 

w e i g h t ) ,  w i t h  h i g h  i r o n  and magnesium c o n t e n t ;  cor responding  

chemica l ly  t o  p e r i d o t i t e ,  d u n i t e ,  s e r p e n t i n e ,  c h o n d r i t i c  m e t e o r i t e s  

( i n c l u d i n g  carbonaceous c h o n d r i t e s ) ,  o r  " p y r o l i t e "  (Ringwood's 

(1962) h y p o t h e t i c a l  upper mantle m a t e r i a l  e q u i v a l e n t  t o  a 3 : l  

d u n i t e  :basa l  t mixture  ) . 
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( 2 )  Basic (maf ic )  - S i 0  c o n t e n t  about  50%; cor responding  chemica l ly  
2 

t o  b a s a l t ,  e c l o g i t e ,  gabbro, o r  a c h o n d r i t e s .  

( 3 )  In te rmedia te  t o  a c i d i c  ( s i a l i c )  - S i 0 2  c o n t e n t  about  55% t o  75%; 

cor responding  chemica l ly  t o  a n d e s i t e s ,  d a c i t e s ,  r h y o l i t e s ,  o r  t h e i r  

p l u t o n i c  e q u i v a l e n t s .  (Walter (1965) has  suggested t h a t  magmatic 

d i f f e r e n t i a t i o n  i n  t h e  moon might produce more s i l i c e o u s  end- 

products  t h a n  cor responding  p r o c e s s e s  i n  t h e  e a r t h ;  t h e r e f o r e  t h e  

upper S i 0 2  l i m i t  might  be h i g h e r . )  

I n  t h e  absence of evidence t o  t h e  c o n t r a r y ,  t h e  i n t e r i o r  of t h e  moon 

w i l l  be assumed t o  c o n s i s t  of t h e  chemical e q u i v a l e n t  of u l t r a b a s i c  r o c k ;  

j u s t i f i c a t i o n  f o r  t h i s  assumption i s  given by McConnell, e t  a l .  (1967) .  

The approach taken  i n  t h i s  a n a l y s i s  i s  t o  d e r i v e ,  f o r  e a c h  assumed 

h ighland  composi t ion,  a s e r i e s  of p o s s i b l e  i m p l i c a t i o n s  which a r e  more o r  

less  e x c l u s i v e  ( u n l e s s  s p e c i f i c a l l y  s t a t e d  o t h e r w i s e ) .  The p r o b a b i l i t y  

of e a c h  i m p l i c a t i o n  w i l l  t h e n  be d i s c u s s e d  i n  t h e  l i g h t  of g e o l o g i c a l  and 

geophys ica l  ev idence .  No a t t e m p t  w i l l  be made t o  j u s t i f y  any p a r t i c u l a r  

h ighland  composi t ion,  i n  view of t h e  p r e l i m i n a r y  n a t u r e  of t h e  ev idence  s o  

f a r  a v a i l a b l e .  

I 

U l t r a b a s i c  Highland Composition - 
If t h e  l u n a r  h i g h l a n d s  have an  u l t r a b a s i c  composi t ion ,  and t h e  p r e s e n t  

i n d i c a t i m s  from Surveyor  s p a c e c r a f t  (Turkevich ,  e t  a l .  1967) i n d i c a t i n g  

an  e s s e n t i a l l y  b a s a l t i c  composi t ion f o r  t h e  m a r i a  a r e  confirmed by l a t e r  

work, t h e  problem would be t o  e x p l a i n  why t h e  maon h a s  no s i a l i c  c r u s t  

cor responding  t o  t h e  upper l a y e r s  of t h e  e a r t h ' s  c o n t i n e n t s .  There a r e  

se ve r a 1 po s s i b i 1 it i e  s . 
1. The t e r r e s t r i a l  c o n t i n e n t a l  c r u s t  ( e x c l u d i n g  t h e  lower l a y e r  of 

supposed gabbro ic  composi t ion)  may be e s s e n t i a l l y  sed imentary  i n  

o r i g i n ,  having been formed over  g e o l o g i c  t ime c h i e f l y  by geLsyncl ina1  
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s e d i m e n t a t i o n  and a s s o c i a t e d  igneous p r o c e s s e s .  

T h i s  e x p l a n a t i o n  i s  a t  f i r s t  glance t h e  most a t t r a c t i v e ,  depending 

on t h e  most obvious d i f f e r e n c e  between t h e  moon and t h e  e a r t h :  t h e  probable  

absence of major  atmosphere-dependent p e t r o l o g i c  p r o c e s s e s  on t h e  moon. 

Furthermore,  i t  i s  i n  agreement with a widely-accepted t h e o r y  of c o n t i n e n t a l  

growth (Engel,  1963).  However, recent  s t u d i e s  have uncovered s e r i o u s  weaknesses 

i n  t h e  t h e o r y  of l a t e r a l  c o n t i n e n t a l  growth by a c c r e t i o n  of g e o s y n c l i n e s  as 

proposed by,  f o r  example,  Kay (1951) and Wilson (1954):  

a.  There a r e  f e w , i f  any, c l e a r  examples of format ion  of c o n t i n e n t a l  

c r u s t  by e n s i m a t i c  geosyncl ine  formation.  The Western Hemisphere C o r d i l l e r a  

i s  g e n e r a l l y  c o n s i d e r e d  t h e  c l a s s i c  example of such a p r o c e s s ,  b u t  i n  a 

r e c e n t  s t u d y  of t h e  Canadian Rockies, Rrddick,  e t  a l .  (1967) concluded t h a t  

? ?  . . . simple westward a c c r e t i o n  of t h e  c o n t i n e n t  has  n o t  been a p p r e c i a b l e  

s i n c e  P a l e o z o i c  t i m e . "  Dickinson (1962) had a r r i v e d  a t  a similar c o n c l u s i o n  

on t h e  b a s i s  of p e t r o g r a p h i c  and chemical s t u d i e s  of a n d e s i t e s  from t h e  

w e s t e r n  United S t a t e s ,  f i n d i n g  no  evidence of a fundamental  change i n  t h e  

composi t ion  of t h e  under ly ing  c r u s t  s i n c e  mid-Pl leozoic  t i m e .  T h i s ,  he 

s u g g e s t e d ,  'I. . . c h a l l e n g e s  t h e  c m c e p t  t h a t  t h e  widespread s i a l i c  p l a t e s  

of t h e  modern c o n t i n e n t s  grew frommuch s m a l l e r  embryonic c o r e s  a s  o r o g e n e s i s  

welded s u c c e s s i v e  g e o s y n c l i n a l  bel ts  t o  t h e  a d j a c e n t  c o n t i n e n t a l  margins .  . . ll . 
F i n a l l y ,  a r e c e n t  c o l l e c t i o n  of papers ( C h i l d s  and Beebe,1963) c o v e r i n g  t h e  

e v o l u t i o n  of t h e  C o r d i l l e r a ,  from A n t a r c t i c a  t o  Alaska,  d i d  n o t  c o n t a i n  a 

s i n g l e  s u g g e s t i o n  t h a t  any p a r t  of t h e  p r e s e n t  mountain b e l t  w a s  a n  e n s i m a t i e  

a c c r e t i o n  t o  any of t h e  t h r e e  c o n t i n e n t s .  

b. The r e c e n t  d i s c o v e r y  t h a t  Precambrian rocks  w i t h  a g e s  Df 2 t o  3.5 

b i l l i o n  y e a r s  u n d e r l y  much of North America (Muehlberger,  e t  a l .  1967) 
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and probably o t h e r  c o n t i n e n t s  i n d i c a t e s  s t r o n g l y  t h a t  t h e  a c c r e t i o n  h a s  

been a s  much v e r t i c a l  ( i . e . ,  from t h e  m a n t l e )  as h o r i z o n t a l .  

c .  The e x i s t e n c e  of a f a i r l y  wide-spread g r a n i t i c  c r u s t  i n  e a r l y  Precambrian 

t ime i s  implied by t h e  e x i s t e n c e  of g r a n i t i c  p a r a g n e i s s e s  and q u a r t z - b e a r i n g  

sed iments  more t h a n  3 . 4  b i l l i o n  y e a r s  old (Donn, e t  a l . ,  1965) and g r a n i t e  

pebbles  i n  graywackes more t h a n  3 b i l l i o n  y e a r s  o l d  (Engel ,  1963) .  

d .  It i s  by no means c l e a r  t h a t  t h e  e n t i r e  t h i c k n e s s  of t h e  s i a l i c  l a y e r  

of t h e  c o n t i n e n t a l  c r u s t  ( t h e  p a r t  above t h e  Conrad d i s c o n t i n u i t y ,  where 

l o c a t e d ) ,  e s t i m a t e d  a t  1 5  t o  25 k i l o m e t e r s  i n  most p a r t s  of t h e  world 

(Gutenberg,  1959) ,  can be formed by a s i n g l e  c y c l e  of g e o s y n c l i n a l  

sed imenta t ion  and vulcanism.  The g r a n u l i t e  f a c i e s  metasediments  cLmmon i n  

Precambrian areas probably  were o r i g i n a l l y  i n  t h e  lower p a r t s  of t h e  former 

eugeosyncl ines ,  implying t h a t  a c o n s i d e r a b l e  p a r t  o f  t h e  15-25 k i l o m e t e r s  

of s i a l  below them was p r e - e x i s t i n g  c o n t i n e n t a l  c r u s t  on which t h e  g e o s y n c l i n e s  

formed. The b a t h o l i t h s  f r e q u e n t l y  a s s o c i a t e d  w i t h  such metasediments  may, 

of course,have come from the lower crust  o r  even m a n t l e ,  b u t  i f  s o ,  t h e  

argument a g a i n s t  e s s e n t i a l l y  sed imentary  c o n t i n e n t a l  a c c r e t i o n  i s  r e i n f o r c e d .  

D e s p i t e  t h e s e  weaknesses ,  t h e  g e o s y n c l i n a l  a c c r e t i o n  t h e o r y  of c o n t i n e n t a l  

gr3wth has  much t o  recommend i t .  However, i f  i t  is  t h e  c o r r e c t  e x p l a n a t i m  

f o r  the  assumed absence of s i a l  on t h e  moon, t h e  problem a r i se s  as t o  whether  

t h e r e  has  been enough time f o r  t h e  e a r t h ' s  c o n t i n e n t s  t o  form i n  t h i s  way. 

The S i e r r a  Nevada b a t h o l i t h  and a s s o c i a t e d  e n s i m a t i c  r o c k s  t o  t h e  w e s t ,  

f o r  example,  a r e  thought  by many ( e . g . ,  Bateman and Eaton ,  1968)  t o  be p a r t  

of t h e  most recent  a d d i t i o n  t o  North America. If t h i s  i s  s o ,  i t  a p p e a r s  

t h a t  t h e  c o n t i n e n t  h a s  i n c r e a s e d  i n  w i d t h  a t  t h a t  l a t i t u d e  o n l y  a b o u t  

8% i n  some 400 m i l l i o n  y e a r s ;  if t h i s  r a t e  i s  a t  a l l  r e p r e s e n t a t i v e  of 
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c o n t i n e n t a l  growth ( a  poin t  which should be v e r i f i e d  by f u r t h e r  s t u d i e s ) ,  

something l i k e  5 b i l l i o n  y e a r s  m a y  have been n e c e s s a r y  f o r  North America 

t o  r e a c h  i t s  p r e s e n t  s i z e .  Since g e o s y n c l i n a l  sed imenta t ion  probably  d i d  

n o t  s t a r t  u n t i l  a few hundred m i l l i o n  y e a r s  a f t e r  t h e  e a r t h ' s  format ion  

( u n t i l  t h e  ocean and atmosphere had e v o l v e d ) ,  it would seem t h a t  t h e  

c u r r e n t l y  accepted  age of 4.5-5 b i l l i o n  y e a r s  f o r  t h e  e a r t h  i s  n o t  enough 

f o r  g e o s y n c l i n a l  format ion  of the p r e s e n t  c o n t i n e n t s  from oceanic  c r u s t .  

I n  summary, t h i s  e x p l a n a t i o n  f o r  t h e  assumed absence of l u n a r  s i a l i c  

c rus t  e n c o u n t e r s  numerous problems, and may r e q u i r e  t h a t  t h e  e a r t h  may be 

s u b s t a n t i a l l y  o l d e r  t h a n  f i v e  b i l l i o n  y e a r s .  T h e r e f o r e ,  o t h e r  e x p l a n a t i o n s  

w i l l  be c o n s i d e r e d .  

2 .  The c o n t i n e n t a l  c r u s t  may be e s s e n t i a l l y  igneous i n  o r i g i n ,  and 

r e l a t e d  i n  some way t o  formation of t h e  e a r t h ' s  c o r e .  

Ancther  obvious d i f f e r e n c e  between t h e  e a r t h  and moon i s  t h a t  t h e  moon 

h a s  nc l a r g e  c o r e ,  a s  shown by i t s  lower d e n s i t y .  I t  i s  t h e r e f o r e  n e c e s s a r y  

t o  c o n s i d e r  whether t h i s  d i f f e r e n c e  may be r e s p o n s i b l e  f o r  t h e  assumed 

absence of s i a l i c  c r u s t  on the  moon. 

The e a r t h ' s  c o r e  i s  a lmost  u n i v e r s a l l y  cons idered  t o  be e s s e n t i a l l y  

i r o n ,  a l l o y e d  w i t h  o t h e r  e lements ;  a r e c e n t  summary o f  the  b a s i s  f o r  t h i s  

b e l i e f  i s  p r e s e n t e d  by Birch (1965). The core  presumably formed by 

s e g r e g a t i o n  of i r o n  from a more n e a r l y  homogeneous m a t e r i a l  (Urey,  19E3) ,  

a l t h o u g h  t h e r e  i s  disagreement  as t o  whether t h i s  happened r a p i d l y  e a r l y  

i n  t h e  e a r t h ' s  h i s t o r y  o r  g r a d u a l l y  through g e o l o g i c  time (Urey, 1960) .  

I f  s e g r e g a t i o n  of t h e  core  w a s  e a r l y  and r a p i d ,  it might have promoted 

f o r m a t i o n  of pr imordia l  s i a l i c  c o n t i n e n t s  t h u s :  

a .  I n t e r n a l  tempera tures  would have been g r e a t l y  r a i s e d  throughout  

t h e  mantle a s  t h e  g r a v i t a t i o n a l  energy  of t h e  i r o n  became 
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b .  

C .  

conver ted  t o  h e a t ;  Urey (1953) and B i rch  (1965) sugges ted  a 

tempera ture  r i s e  on t h e  Drder of 2 0 0 0 O .  

c an  account  f o r  t h e  p r e s e n t  h e a t  f l ow w i t h i n  a f a c t a r  of two 

(MacDmald, 19591, c r u s t  fo rma t ion  would have had t o  remove much 

of t h i s  excess  h e a t . )  

Pervas ive  mantle  f r a c t u r i n g ,  probably  ephemera l ,  would have occur red .  

Major asymmetry i n  the  s t r u c t u r e  and composi t ion of  the m a n t l e ,  

r e f l e c t e d  i n  the  i n i t i a l  d i s t r i b u t i o n  of c o n t i n e n t a l  c r u s t ,  might  

have r e s u l t e d  from d i f f e r e n t i a t i o n  of t h e  c o r e  i n  s e v e r a l  l a r g e  

d rops ,  as sugges ted  by E l s a s s e r  (1963) .  I t  h a s  of cour se  a l s o  been 

proposed, i n  p a r t i c u l a r  by Hess (1962) ,  t h a t  t h e  lops ided  d i s t r i b u t i o n  

of s i a l  i s  t h e  r e s u l t  of c o n c e n t r a t i o n  by mant le  convec t ion  c u r r e n t s .  

(Since known h e a t  s o u r c e s  

Whether i n t e rmed ia t e  t o  a c i d i c  magmas wGuld be formed by t h i s  p r ~ c e s s  

i s  n o t  c l e a r ,  bu t  t h i s  i s  a p e t r o l o g i c  problem sha red  w i t h  Dther  t h e o r i e s .  

I t  seems c lear  t h a t  fo rma t ion  o f  t h e  c o r e  must have had major e f f e c t s  on 

e a r l y  c r u s t a l  d i f f e r e n t i a t i o n ,  and may be r e s p o n s i b l e  f o r  t h e  e x i s t e n c e  of 

a t e r r e s t r i a l  s i a l i c  c r u s t .  

3 .  The c o n t i n e n t a l  c r u s t  may have been formed by igneous  p r o c e s s e s  

i n  the deep  mant le .  

A t h i r d  way i n  which the  moon d i f f e r s  from t h e  e a r t h  i s  o f  c3ur se  

s i z e ,  and consequent ly  i n t e r n a l  p r e s s u r e .  The maximum p r e s s u r e  reached i n  

t h e  moon i s  l e s s  than  50,000 b a r s  (Loman ,  1963) ,  co r re spond ing  t o  d e p t h s  of 

on ly  2-300 k i lome te r s  i n  the  e a r t h .  The mechanism proposed by Matsumoto (1965) 

f o r  format ion  of i n t e rmed ia t e  t o  a c i d i c  magmas i m p l i e s  t h a t  t h e  low p r e s s u r e  

g r a d i e n t  i n  the moon may have prevented  formatiDn of s i a l i c  c r u s t ;  h i s  

s t u d i e s  of t h e  Mg0-Si02-CaMgSi206 system a t  h i g h  p r e s s u r e  l e d  him t o  s u g g e s t  
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t h a t  c a l e a l k a l i n e  magmas might  o r i g i n a t e  by p a r t i a l  m e l t i n g  o r  c r y s t a l l i z a t i D n  

d i f f e r e n t i a t i o n  a t  p r e s s u r e s  over  89 k b ,  cor responding  t o  d e p t h s  g r e a t e r  

t h a n  300 k i l o m e t e r s .  Convective over turn ,  he f u r t h e r  suggested, might b r i n g  

t h e s e  magmas t o  t h e  upper mant le ,  where t h e y  could  be emplaced a s  b a t h o l i t h s  

o r  e r u p t e d .  

The absence of s i a l i c  c r u s t  on t h e  moon would t h u s  i n  a g e n e r a l  way 

tend  t o  s t r e n g t h e n  Matsumoto's theory ;  obvious ly  a d d i t i o n a l  exper imenta l  

v e r i f i c a t i o n  would be needed. 

4. T e r r e s t r i a l  c o n t i n e n t a l  crust may be t h e  remnants of s i a l i c  b o d i e s  

which f e l l  on t h e  e a r t h ,  but missed t h e  moon. 

The m e t e o r i t i c  t h e o r y  f o r  t h e i n i t i a l  format ion  of c o n t i n e n t s  h a s  been 

proposed r e c e n t l y  by Alfven (1963) and Donn, Donn, and Valent ine  (1965) ,  

t h e  l a t t e r  a u t h o r s  b a s i n g  t h e i r  theory  p a r t l y  on t h e  b e l i e f  t h a t  much of t h e  

c o n t i n e n t a l  c r u s t  i s  a t  l e a s t  4 b i l l i o n  y e a r s  o l d  and t h a t  t h e r e  has  n o t  

been t ime f o r  proposed d i f f e r e n t i a t i o n  mechanism t o  form t h e  observed amount 

of  c r u s t  i f  t h e  e a r t h  is  4.5 b i l l i o n  y e a r s  o l d .  

Apart  from t h e  ad hoc e x p l a n a t i o n  t h a t  t h e  supposed s i a l i c  b o d i e s  -- 
missed the  moon, t h i s  t h e o r y  has  a number of weaknesses:  

a )  The s t r u c t u r e  and topography Df t h e  c i r c u l a r  m a r i a ,  wide ly  con- 

s i d e r e d  t o  be a t  l e a s t  i n i t i a t e d  by impact ,  show t h a t  impact ing 

b o d i e s  d:. n o t  s imply p l a s t e r  themselves  o n t o  t h e  mo3n ( a l t h o u g h  t h e y  

may be comet h e a d s ) .  The r e s u l t  of a major impact i s  a major c ra te r ,  

which of course may be g r e a t l y  modif ied by l a t e r  p r o c e s s e s  such  a s  

i s o s t a t i c  u p l i f t  and volcanic  a c t i v i t y .  

b )  There a r e  no known s i a l i c  m e t e o r i t e s ;  t h e  t e k t i t e s ,  i f  e x t r a t e r r e s t r i a l ,  

must come from t h e  moon (an h y p o t h e s i s  excluded from t h e  assumption of 
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of a s i a l - f r e e  moon). Furthermore,  i f  t h e  moon i s  l a r g e l y  

u l t r a b a s i c ,  i t  c l e a r l y  cannot  be one of t h e  h y p o t h e t i c a l  s i a l i c  

bodies ,  a s  proposed by Donn, e t  a1  . 
- 

c )  If l a r g e  amounts of s i a l i c  rock could form e lsewhere  i n  t h e  S o l a r  

system, i t  i s  d i f f i c u l t  t o  s e e  why they  would n o t  form on t h e  

e a r t h  as w e l l ;  i . e . ,  t h e  main assumption of t h i s  t h e o r y  seems t o  

make t h e  t h e o r y  unnecessary.  

A v a r i a t i o n  of t h e  impact t h e o r y  f o r  i n i t i a t i o n  of c o n t i n e n t a l  growth 

w a s  proposed by Urey (1953) and more r e c e n t l y ,  i n a n o t h e r  fDrm, by S a l i s b u r y  

and Ronca (19661, i n  which t h e  l a r g e  c r a t e r s  formed by t h e  impact of a s t e r o i d a l  

bodies  became p r i m i t i v e  c o n t i n e n t a l  s h i e l d s  by p r o c e s s e s  of igneous 

d i f f e r e n t i a t i o n  o r  s e d i m e n t a t i o n  and u p l i f t .  The Surveyor s p a c e c r a f t  f i n d i n g s  

I of an  e s s e n t i a l l y  b a s a l t i c  mare composi t ion do n o t  s u p p o r t  t h i s  t h e o r y ,  

which i n  any  event  throws no l i g h t  on t h e  assumed absence of l u n a r  s i a l .  

Bas ic  Highland Composition 

Various independent  i n v e s t i g a t i o n s ,  by Hapke (1968) and Adams (1968) ,  

t h e  Surveyor 7 a n a l y s e s  (Turkevich ,  19681, and t h e  Luna 10 gamma r a y  spectra 

(Vinogradov, e t  a l . ,  1966) i n d i c a t e  t h a t  t h e  l u n a r  h i g h l a n d s ,  l i k e  t h e  maria, 

a r e  b a s a l t i c .  Assuming t h i s  t o  be confirmed by f u t u r e  l u n a r  m i s s i o n s ,  t h e r e  

a r e  several major i m p l i c a t i o n s  f o r  t e r r e s t r i a l  geology.  These must be 

d i s c u s s e d  i n  s l i g h t l y  d i f f e r e n t  f a s h i o n  t h a n  w a s  t h e  u l t r a b a s i c  c a s e ,  s i n c e  

t h e y  a r e  n o t  n e c e s s a r i l y  mutua l ly  e x c l u s i v e .  

1. The e a r t h ' s  cDnt inenta1  s i a l i c  c r u s t  must depend on some major  

d i f f e r e n c e  between t h e  e a r t h  and t h e  moon; t h e  two most obvious  are 

presence of a t e r r e s t r i a l  atmosphere o r  t h e  e a r t h ' s  g r e a t e r  S i z e .  

This  i m p l i c a t i o n  i s  t h e  same as  t h e  f i r s t  t h r e e  f o r  t h e  u l t r a b a s i c  

assumption;  i f  t h e  l u n a r  h i g h l a n d s  and m a r i a  are b a s a l t i c ,  t h e  q u e s t i o n  t o  

be answered i s  why t h e  moon h a s  no s i a l i c  c rus t ,  me t h r e e  p o s s i b i l i t i e s  
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are t h a t  t h e  e a r t h ' s  s i a l i c  c rus t  is e s s e n t i a l l y  sed imentary ;  i s  igneous 

and r e l a t e d  t o  c o r e  f o r m a t i o n , o r  i s  igneous ,  and r e l a t e d  t o  h i g h  p r e s s u r e  

magmatic p r o c e s s e s  a s  prpposed by Matsumoto. There i s  no need t o  e l a b o r a t e  

t h e  prev ious  d i s c u s s i o n  of t h e s e  p o s s i b i l i t i e s .  However, i t  should  be p o i n t e d  

o u t  t h a t  t h e  t e r r e s t r i a l  s i a l i c  crust (above t h e  Conrad d i s c o n t i n u i t y )  c a n n o t  

b e ,  t o  a la rge .  d e g r e e ,  t h e  r e s u l t  of magmatic d i f f e r e n t i a t i o n  o r  p a r t i a l  

m e l t i n g  because t h e r e  i s  t o o  much s i a l  re la t ive  t o  gabbro ic  m a t e r i a l  i n  t h e  

c o n t i n e n t a l  crust .  Although t h i s  may be p e t r o l o g i c a l l y  p o s s i b l e  ( T u t t l e  

and Bowen, 1958; Turner  and Verhoogen, 19601, p a r t i a l  m e l t i n g  o r  d i f f e r e n t i a t i o n  

of  gabbro ic  material would be expected t o  produce something l i k e  10% of  i t s  

volume i n  i n t e r m e d i a t e  o r  a c i d i c  magmas. A g a b b r o i c  l a y e r  on t h e  o r d e r  

of 200 km t h i c k  would t h e r e f o r e  be r e q u i r e d  t o  g e n e r a t e  t h e  e x i s t i n g  

g r a n i t i c  l a y e r  (see a l s o  Bowen, 1928,  p.  319). 

2 .  The lower ( g a b b r o i c )  l a y e r  of t h e  c o n t i n e n t a l  c r u s t ;  and perhaps  

t h e  p h y s i c a l l y  s i m i l a r  b a s a l t i c  l a y e r  of t h e  o c e a n i c  c r u s t ,  a re  

a t  l e a s t  p a r t l y  t h e  o r i g i n a l  o r  near ly-or igL, ia l  crust  of t h e  e a r t h .  

The Mohorovicic d i s c o n t i n u i t y  i n  t h a t  case might be t h e  p r i m o r d i a l  

s u r f  ace o n t o  which the  basal  t s  were e r u p t e d .  

S ince  t h i s  s u g g e s t i o n  c o n t r a d i c t s  t h e  a l m o s t  u n i v e r s a l l y - a c c e p t e d  

sea f l o o r  s p r e a d i n g  t h e o r y ,  i t  must be d i s c u s s e d  i n  some d e t a i l .  The 

r e a s m i n g  i s  as f o l l o w s .  

F i r s t ,  i t  i s  c l e a r  t h a t  t h e  l u n a r  h i g h l a n d s  as a whole a r e  t h e  o l d e s t  

p a r t  of the ~ O O R ' S  s Q r f a c e ,  from the much h i g h e r  c r a t e r  d e n s i t y .  I t  i s  a l s o  

r e a s o n a b l y  c e r t a i n  t h a t ,  s i n c e  the moon's d e n s i t y  i s  t o o  h igh  f o r  it t o  be 

b a s a l t  a l l  t h e  way through,  a b a s a l t i c  h ighland  c n u s t  would have been d e r i v e d  
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from t h e  moon's i n t e r i o r  by magmatic d i f f e r e n t i a t i o n  o r  p a r t i a l  m e l t i n g ,  

presumably i n  t h e  same way b a s a l t i c  magmas a r e  genera ted  i n  t h e  e a r t h ' s  

m a n t l e .  

c o r e  format ion ,  i t  seems c l e a r  t h a t  i f  a b a s a l t i c  c r u s t  formed on t h e  

moon, it should have a l s o  formed on t h e  e a r t h .  T h i s  i s  h a r d l y  a r a d i c a l  

i n f e r e n c e ;  a pr imordia l  b a s a l t i c  c r u s t  i s  sugges ted  by MacDonald (1963) 

and o t h e r s  (Engel,  1963) .  

C o n s i d e r i n g  t h e  g r e a t  amount of h e a t  s u p p l i e d  by t e r r e s t r i a l  

T h i s  d i s c u s s i o n  obviously assumes t h a t  t h e  lower l a y e r  of t h e  

c o n t i n e n t a l  c r u s t ,  w i t h  compressional  wave v e l o c i t i e s  of 6.5 t o  7 . 5  km/sec, 

i s  t h e  same as  t h e  lower l a y e r  of t h e  oceanic  c r u s t  (which has  s i m i l a r  

wave v e l o c i t i e s ) .  With t h e  e x c e p t i o n  of Hess '  (1962) proposed s e r p e n t i n i z e d  

p e r i d o t i t e  f o r  t h e  o c e a n i c  l a y e r  and Ringwood and Green ' s  (1966) i n t e r m e d i a t e  

m a t e r i a l  f o r  the c o n t i n e n t a l  l a y e r ,  i t  i s  g e n e r a l l y  agreed  t h a t  b o t h  are 

c h e m i c a l l y  e q u i v a l e n t  t o  b a s a l t  (see,  f o r  exanlple, Kuno (19671, Melson 

and Van Andel (1966) and Engel e t  a l .  (1965)) .  Engel (1963) p o i n t s  out 

t h a t  amphibol i te  would be expec ted  a t  d e p t h  i n  t h e  c o n t i n e n t s ,  b u t  t h i s  

does n o t  a f f e c t  t h e  argument.  

A key ques t ion  t o  be answered i n  comparing t h e  e a r t h ' s  b a s a l t i c  l a y e r  

and t h e  assumed b a s a l t i c  c r u s t  of t h e  moon i s  whether  t h e  former i s  o l d e r  

o r  younger than the  o v e r l y i n g  r o c k s .  I t  seems reasonable  t o  assume t h a t  i t  

is  o l d e r  t h a n  e i t h e r  t h e  c o n t i n e n t a l  g r a n i t i c  l a y e r  o r  t h e  t h i n  o c e a n i c  

f lows  and sediments of H i l l ' s  (1957) 'Layers 1 4  2" f o r  t h e  f o l l o w i n g  reason .  

F i r s t ,  t h e  f a c t  t h a t  t h e  b a s a l t i c  l a y e r  i s  a t  t h e  bottom of  t h e  c r u s t  

s u g g e s t s  t h a t  it i s  t h e  o l d e s t  p a r t  of t h e  c rus t  u n l e s s  i t  i s  i n t r u s i v e .  

I t  is  d i f f i c u l t  t o  imagine a n e a r l y  g l o b a l  i n t r u s i o n  of such  c o m p a r a t i v e l y  
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uniform t h i c k n e s s ,  e s p e c i a l l y  i n  view of t h e  r a r i t y  of l a r g e  b a s a l t i c  

o r  gabbro ic  i n t r u s i v e s  (My's (1933) discussiin of t h e  r e l a t i v e  abundance of 

igneous rock o c c u r r e n c e s  i s  a p p l i c a b l e  h e r e ,  d e s p i t e  i t s  d i s p r o o f  f o r  

a c i d i c  e x t r u s i v e s ) .  It must be admi t ted  t h a t  Hess (1962) c o n s i d e r e d  t h e  

u n i f o r m i t y  of  t h e  lower o c e a n i c  l a y e r  as  proof t h a t  t h e  l a t t e r  could  n o t  

be f l o w s ,  b u t  Kuno (1967) poin ted  out t h a t  p l a t e a u  l a v a  e r u p t i o n s  might 

produce such a l a y e r .  A f i n a l  argument a g a i n s t  t h e  i n t r u s i o n  e x p l a n a t i o n  

i s  t h e  i m p r o b a b i l i t y  t h a t  t h e  t h i n  upper l a y e r s  of t h e  o c e a n i c  c r u s t  could  

c o n f i n e  such e x t e n s i v e  i n t r u s i o n s .  

To summarize t h e  i m p l i c a t i o n s  of a b a s i c  l u n a r  h i g h l a n d  c o m p x i t i o n ,  

t h e n ,  i t  a p p e a r s  t h a t  such a d i s c o v e r y  would s u p p o r t  t h e  p o s s i b i l i t y  t h a t  

t h e  t e r r e s t r i a l  g a b b r o i c - b a s a l t i c  l a y e r  i s  t h e  p r i m o r d i a l  c r u s t  of t h e  

e a r t h .  A f u r t h e r  b u t  more s p e c u l a t i v e  i m p l i c a t i o n  i s  t h a t  t h e  Mohorovicic 

d i s c o n t i n u i t y  i s  t h e  o r i g i n a l  s u r f a c e  on which t h e s e  a n c i e n t  f lows  were 

e r c  p t e  d .  

I n t e  rmed i a  t e  t o  Acid ic  Compo s i t  i on -- - 
Discovery of a s i a l i c  composition f o r  t h e  l u n a r  h i g h l a n d s  would be 

p e r h a p s  t h e  most d e c i s i v e  of t h e  t h r e e  main p o s s i b i l i t i e s  d i s c u s s e d  h e r e  

i n  i t s  i m p l i c a t i o n s  f o r  e v o l u t i o n  of t h e  e a r t h ' s  c r u s t  and f o r  i g n e m s  

p e t r o l o g y .  Before d i s c u s s i n g  t h e s e ,  a f e w  fundamental  problems and 

assumpt ions  should  be c l a r i f i e d .  

F i r s t ,  t h e r e  i s  s t i l l  u n c e r t a i n t y  as t o  what rock  type t h e  c o n t i n e n t s  

c o r r e s p o n d  t o  chemica l ly .  The s l d e r  view, t h a t  t h e  corit inerits  were mainly 

" g r a n i t e "  (e .g . ,  Daly,  1926, p.  941, h a s  become modif ied a s  more i n f o r m a t i o n  

i s  C o l l e c t e d  ( P a k i s e r  and Robinson, 1966) .  P o l d e r v a a r t  (1955) c o n s i d e r e d  

g r a n o d i o r i t e  (S i02  c o n t e n t  about  66%) t o  best r e p r e s e n t  the upper c o n t i n e n t a l  

l a y e r .  A r e c e n t  comprehensive program of sampling on t h e  Canadian s h i e l d  
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by Eade, Fahr ig ,  and Maxwell (1966) t e n d s  t o  conf i rm t h i s :  t h e  average 

c a l c u l a t e d  composition of 200,000 square  m i l e s  was 65.8% Si0 

estimates obviously r e f e r  t o  t h e  upper p a r t  of t h e  c r u s t ;  t h e  a v e r a g e  com- 

p o s i t i o n  of the e n t i r e  cDnt inenta1  c r u s t  above t h e  Mohorovicic d i s c o n t i n u i t y  

would be c o n s i d e r a b l y  more b a s i c  i f  t h e  lower p a r t  i s  c h e m i c a l l y  b a s a l t i c .  

It i s  c l e a r  t h a t  t h e  e s t i m a t e d  s i l i c a  c o n t e n t  of t h e  c a n t i n e n t a l  

crust  does not  f a l l  s h a r p l y  i n t o  any p e t r o g r a p h i c  c l a s s ;  because of  t h i s ,  

and t h e  remaining u n c e r t a i n t y  as  t o  t h e  mean composi t ion ,  t h e r e  w i l l  be no 

a t t e m p t  t o  s e p a r a t e  t h e  i n t e r m e d i a t e  and a c i d i c  rocks  i n  d i s c u s s i n g  t h e  

i m p l i c a t i o n s  o f  l u n a r  h ighland  composi t ions  f o r  t h e  o r i g i n  of c o n t i n e n t s  

and ocean b a s i n s .  These i m p l i c a t i o n s  appear  t o  be t h e  f o l l o w i n g ;  

t h e y  are n o t  mutua l ly  e x c l u s i v e .  

These 2'  

1. Large volumes of i n t e r m e d i a t e  t o  a c i d i c  magmas can  form by 

p u r e l y  igneous p r o c e s s e s  from material similar t o  t h e  upper mant le  

o r  the e a r t h .  

T h i s  fo l lows  from t h e  assumpt ion ,  a c c e p t e d  by a l m o s t  a l l  g e o l o g i s t s  

who have s t u d i e d  t h e  moon, t h a t  t h e  moon d i d  n o t  p o s s e s s  a p e t r o l o g i c a l l y  

e f f e c t i v e  atmosphere f o r  a s i g n i f i c a n t  t ime.  If t h i s  i s  s o ,  t h e n  magma- 

g e n e r a t i n g  processes  such as  a n a t e x i s  of sed iments  can be r u l e d  o u t ;  meta- 

somatism would a l s o  seem u n l i k e l y .  However, c lass ica l  d i f f e r e n t i a t i o n  of 

b a s a l t i c  magmas (Bowen, 1928) can  probably be r u l e d  o u t  f o r  t h e  p r o d u c t i o n  

of t h e  l u n a r  h ighlands  f o r  t h e  same r e a s o n s  i t  was d i s c a r d e d  f o r  t e r r e s t r i a l  

b a t h o l i t h s ,  c h i e f l y  t h e  a p p a r e n t  absence of t h e  enormous complementary 

volumes of  b a s a l t  n e c e s s a r y .  (The maria have much l e s s  t o t a l  volume t h a n  

t h e  h i g h l a n d s ,  and a r e  m a i n l y  younger . )  T h e r e f o r e ,  a s i a l i c  l u n a r  c r u s t  

would have t o  be formed by p a r t i a l  m e l t i n g  of t h e  i n t e r i o r ,  u n l e s s  t h e  moon 

had passed  through a comple te ly  o r  l a r g e l y  m o l t e n  s tage ,  i n  which c a s e  

magmatic d i f f e r e n t i a t i o n  on a p l a n e t a r y  scale m i g h t  be possibl le .  

~ ~~ ~ 

~~ 
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I t  may be noted  h e r e  t h a t  t h e  t h e o r y  of igneous mantle  d e r i v a t i o n  of 

s i a l i c  magmas, though a m i n o r i t y  view, i s  suppor ted  by workers  such as 

Gorshkov (1962) and Hamilton and Myers (1967) .  

2.  A s i a l i c  c r u s t  probably formed e a r l y  i n  t h e  e a r t h ' s  h i s t o r y ,  and 

comprised t h e  platfDrm i n d i c a t e d  by v a r i o u s  Precambrian i n v e s t i -  

g a t i o n s  summarized by Donn, Donn, and V a l e n t i n e  (1965) .  

T h i s  p o s s i b i l i t y  was proposed i n  some d e t a i l  by P o l d e r v a a r t  (1955) 

on t h e  b a s i s  of W r i g h t ' s  (1927) work on p o l a r i z a t i o n  o f  moonlight ,which 

i n d i c a t e d  a s i a l i c  composi t ion f o r  the l u n a r  s u r f a c e .  The r e a s o n i n g  here  i s  

t h a t  a l r e a d y  d e s c r i b e d  i n  r e f e r e n c e  t o  t h e  b a s a l t i c  c a s e ,  namely t h a t  any  

major igneous f r a c t i o n a t i o n  i n  t h e  moon should have a l s o  occurred i n  t h e  

e a r t h .  If  t h i s  p r i m o r d i a l  s i a l i c  c r u s t  w a s  t h i c k  and e x t e n s i v e ,  as  seems 

i m p l i e d  by t h e  work of Muehlberger e t  a l .  (19671, t h e n  c o n t i n e n t a l  e v o l u t i o n  

s i n c e  e a r l y  Precambrian t ime has  been c h i e f l y  a matter of re-working of t h i s  

fundamental  p l a t f o r m ,  w i t h  p o s s i b l e  minor l a te ra l  a c c r e t i o n  by e n s i m a t i c  

e u g e o s y n c l i n e s  and ver t ica l  a c c r e t i o n  o f  b a s a l t s ,  a n d e s i t e s ,  and r h y o l i t e s  

and t h e i r  sed imentary  d e r i v a t i v e s .  

by g e o s y n c l i n a l  a c t i v i t y  a t  c o n t i n e n t a l  b o r d e r s  would be, a s  implied by 

Dana (1847) and Donn, e t  a l .  (19651, t h e  r e s u l t  of c o n t i n e n t s  r a t h e r  t h a n  

t h e i r  cause.  

advanced by Turner  and Verhoogen, p. 287 (1960) f o r  t h e  o r i g i n  of a n d e s i t i c  

magmas; f o r  a v a r i e t y  of r e a s o n s ,  they re jec t  f r a c t i o n a l  c r y s t a l l i z a t i o n ,  

s u g g e s t i n g  i n s t e a d  p a r t i a l  m e l t i n g  of th ickened  c r u s t a l  rocks .  They 

s u g g e s t  t h a t  t h i s  e x p l a i n s  why a n d e s i t e s  are conf ined  t o  t h e  c o n t i n e n t s ,  

imply ing  t h a t  a n d e s i t e s  are t h e  r e s u l t  r a t h e r  t h a n  t h e  cause  of c o n t i n e n t a l  

f o r m a t  ion .  

Apparent  examples of c o n t i n e n t a l  grawth 

Some suppor t  f o r  t h i s  view can a l s o  be found i n  t h e  argument 

The d i s c o v e r y  t h a t  t h e  l u n a r  h ighlands  were l a r g e l y  s i a l i c  rock would 

o b v i o u s l y  s u p p o r t  t h e o r i e s  of c o n t i n e n t a l  growth depending on mantle 
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g e n e r a t i o n  of s i a l i c  magmas, as proposed by Hur ley  e t  a l .  (19651, Ringwood 

and Green (1966),  and T a y l o r  (1967) .  However, a l l  p rocesses  proposed by 

t h e s e  a u t h o r s  a r e  long- te rm,  m u l t i - c y c l e  p rocesses  o p e r a t i n g  over  g e o l o g i c  

t ime.  S ince  t h e  l u n a r  h igh lands  show no ev idence  i n  c r a t e r  popu la t ion  of 

having  grown i n  s t a g e s  of l a t e r a l  a c c r e t i o n ,  t he  ana logy  i s  n o t  comple te ,  

Extens ive  r ad iomet r i c  age d e t e r m i n a t i o n s  of the  l u n a r  s u r f a c e  w i l l  p robab ly  

be n e c e s s a r y  t o  s e t t l e  the  problem. 

3 .  The p r e s e n t  two-fold d i v i s i o n  of t he  e a r t h ' s  c r u s t  i n t o  c o n t i n e n t a l  

and ocean ic  segments i s  the  r e s u l t  of format ion  of ocean b a s i n s  a t  

the  expense of c o n t i n e n t a l  c r u s t ,  r a t h e r  t han  of c o n t i n e n t a l  growth. 

Th i s  i n fe rence  r e s t s  on the  assumption t h a t  t h e  e n t i r e  s u r f a c e  of t h e  

moon w a s  once of t h e  h ighland  t y p e ,  having  subs ided  under l a t e r  e r u p t i o n s  

of t h e  mare b a s a l t s  pDss ib ly  t r i g g e r e d  by impact  (McCauley, 1967) .  T h i s  

assumption i s  suppor ted  by the  ev idence ,  from c r a t e r  d e n s i t i e s  and supe r -  

p o s i t i o n  of mare m a t e r i a l ,  t h a t  t he  mare b a s i n s  and mare m a t e r i a l  a r e  

younger t h a n  t h e  h i g h l a n d s  ( excep t  f o r  p o s s i b l e  i s o l a t e d  i n t r u s i o n s  such as 

the  Flamsteed Ring (O'Keefe,  e t  a l .  (1967)) .  I t  would be expec ted  t h a t  

i f  the  moon had once been comple t e ly  covered by c o n t i n e n t a l  c r u s t ,  t h e  e a r t h  

w a s  t o o ,  l e a d i n g  t o  the  c lass ic  problem of why t h e  e a r t h ' s  c rus t  i s  o n l y  

o n e - t h i r d  c o n t i n e n t a l .  There a r e  f o u r  main t h e o r i e s  which t h e  d i s c o v e r y  

of s i a l i c  l una r  h ighlands  would t end  t o  s u p p o r t .  

a .  

term of Beloussov and Ruditch (1961) f o r  en largement  of t h e  ocean b a s i n s  by 

b a s a l t i c  e r u p t i o n s  which c o l l a p s e  and a s s i m i l a t e  t h e  c o n t i n e n t a l  C r u s t  

( s e e  a l s o  Ramberg, 1964 and F a i r b r i d g e ,  19675. "-Beloussov (1962) ,  i n  f a c t ,  

proposed t h a t  t h i s  p rocess  i s  p r e c i s e l y  ana logous  t o  t h e  e v o l u t i o n  of t h e  

mson's c rus t ,  where a l l  s t a g e s  between i n c i p i e n t  subs idence  and complete  

The e a r t h ' s  c r u s t  may be undergoing s e c u l a r  " b a s i f i c a t i o n , "  t o  use the  

1 
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b u r i a l  by mare material a r e  v i s i b l e  i n  a r e a s  such  as Mare Nectaris and 

Oceanus Proce l la rum.  Beloussov ' s  theory  i s  of course  open t o  cri t icism on 

o t h e r  grounds (depending i n  p a r t ,  f o r  example, on the  phase-change e x p l a n a t i o n  

f o r  t h e  Mohorovicic d i s c o n t i n u i t y ) ,  b u t  would be c l e a r l y  s t r e n g t h e n e d  by a 

s i a l i c  l u n a r  c r u s t .  The mechanism proposed by Ringwood and Green (1966) 

f o r  product ion  of c a l c - a l k a l i n e  magmas i s  of i n t e r e s t  as a p o s s i b l e  

b a s i f i c a t i o n  mechanism. They suggest  t h a t  masses of e c l o g i t e ,  d e r i v e d  from 

b a s a l t  p i l e s ,  might  s i n k  i n t o  t h e  mant le ,  t h e r e  undergoing p a r t i a l  m e l t i n g  

t o  produce c a l c - a l k a l i n e  magmas. I f  f o r  some r e a s o n  t h e  e c l o g i t e  should  

n o t  m e l t ,  t h e  n e t  r e s u l t  would be conversion of c o n t i n e n t a l  t o  oceanic  c r u s t ,  

r a t h e r  t h a n  t h e  r e v e r s e  p r o c e s s  f o r  which t h e  t h e o r y  w a s  proposed.  There i s  

some evidence  t h a t  t h i s  h a s  happened i n ,  f o r  example,  wes te rn  I n d i a  where 

t h e  Deccan b a s a l t s  appear  t o  have foundered ( H D l m e s ,  1965, p.  1 2 2 4 ) .  Whether 

e c l o g i t e  would form,  o r  founder ing  could  occur on t h e  moon, i n  view of 

t h e  lower f o r c e  of g r a v i t y ,  i s  open t o  q u e s t i o n .  

b .  The e a r t h ' s  former ly  g l o b a l  c o n t i n e n t a l  c r u s t  may have been re -organized  

by mant le  cDnvect ion a t  a f a i r l y  e a r l y  t i m e ,  a s  proposed by Vening-Meinesz (1964) ,  

Urey (19531, and o t h e r s ,  3r s e c u l a r l y  ( G i l l u l y ,  1955,  1963) .  The mechanism 

h e r e  would be q u i t e  d i f f e r e n t  from t h a t  e v i d e n t  on t h e  moon, i n v o l v i n g  

c r u s t a l  f o u n d e r i n g  and t r a n s p o r t  by c o n v e c t i o n  c u r r e n t s .  A d i s c u s s i o n  of 

m a n t l e  convec t ion  would be beyond the scope of t h i s  paper .  However, i t  may 

be p o i n t e d  o u t  t h a t  t h e  present ly- favored  v e r s i o n  of t h i s  p r o c e s s ,  i n  which 

t h e  coiitiiieiits move w i t k  t h e  mantle r a t h e r  t h a n  a v e r  i t ,  does n o t  seem t o  

f a v o r  c r u s t a l  founder ing .  

C .  The m i s s i n g  c o n t i n e n t a l  c rus t  might have been removed, w i t h  p a r t  of 

t h e  m a n t l e ,  d u r i n g  t h e  f i s s i o n  o f  the e a r t h  t o  form t h e  mDon, a s  proposed 

b y  Darwin (1879) ,  Wise (1963) ,  and O'Keefe (1963).  I n  t h i s  c a s e  t h e  l u n a r  
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h i g h l a n d s  would n o t  be s imply analogous t o  t h e  c o n t i n e n t a l  c r u s t  b u t  a 

former p a r t  of i t .  

The f i s s i o n  t h e o r y  f o r  t h e  moon's o r i g i n  cannot  be d i s c u s s e d  i n  d e t a i l  

h e r e .  However, one d i f f i c u l t y  should be poin ted  o u t .  ' J e f f r e y s  (1930) 

shows t h a t  i n t e r n a l  f r i c t i o n  would probably  damp t h e  supposed resonant  

bulge before  i t  became v e r y  l a r g e ,  b u t  t h e  supposed p r i m o r d i a l  s i a l i c  

c r u s t  would have been formed o n l y  a f t e r  t h e  e a r t h  s o l i d i f i e d  (had it  been 

l i q u i d )  under any igneous p r o c e s s .  The p o s s i b i l i t y  t h a t  t h e  moon's b i r t h  

removed a s i a l i c  c rus t  w h i l e  t h e  mantle  was s t i l l  l i q u i d  i s  u n l i k e l y  on 

p e t r o l o g i c  grounds; t h e  s i a l i c  r o c k s  a r e  t h e  l a s t  f r a c t i o n  t o  form from a 

magma, n o t  the f i r s t ,  a p o i n t  overlooked by proponents  of  c o n t i n e n t a l  

o r i g i n  as "scum" c o l l e c t e d  by down-turning c o n v e c t i o n  c u r r e n t s .  T h i s  

p e r s i s t e n t  t h e o r y ,  which was r e f u t e d  by Bowen a s  l o n g  ago a s  1928,  h a s  o t h e r  

weaknesses.  I f  one p o s t u l a t e s  h i g h  p r e s s u r e  p r o c e s s e s  t o  produce s o l i d  

g r a n i t e  from l i q u i d s  of basa l t ic  composi t ion ,  one m u s t  assume t h a t  t h e  

g r a n i t e  i s  brought  t o  t h e  s u r f a c e  t o o  r a p i d l y  f o r  i n v e r s i o n  and consequent  

a s s i m i l a t i o n  of t h e  g r a n i t e .  It  should  a l s o  be p o i n t e d  o u t  t h a t  no calc- 

a l k a l i n e  magmas are b e i n g  brought up a l o n g  t h e  Mid-At lan t ic  Ridge ,  w i t h  t h e  

p o s s i b l e  e x c e p t i o n  Of I c e l a n d ,  a l t h o u g h  t h e  e q u a l i t y  of c o n t i n e n t a l  

and o c e a n i c  h e a t  f l o w  shows t h a t  t h e  sub-oceanic  mant le  i s  n o t  d e p l e t e d  

i n  the  s i a l i c  e l e m e n t s  (MacDonald, 1964) .  

d .  The ocean b a s i n s  might  be t h e  much-modified remnants  of immense impact  

s c a r s ,  a s  proposed by G i l v a r r y  (1961, 1 9 6 2 ) ,  around which t h e  c o n t i n e n t a l  

crust  h a s  been d i s p e r s e d  as  l a r g e  e j e c t a  b l a n k e t s  ana logous  t o  t h e  Fra 

Mauro Formation r i n g i n g  Mare Imbrium (Hackman, 1966) .  This p o s s i b i l i t y  i s  

e s s e n t i a l l y  a v a r i a t i o n  of t h e  l u n a r  b a s i f i c a t i o n  t h e o r y .  

S t e p  i n  i t s  v e r i f i c a t i o n  would be c o n f i r m a t i o n  O f  t h e  impact  o r i g i n  Of t h e  

A n e c e s s a r y  f i r s t  
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mar ia ;  many c o n f l i c t s  w i t h  t e r r e s t r i a l  geDlogic evidence would of cour se  

remain.  

u n p r o f i t a b l e .  

These a r e  s o  numerous t h a t  f u r t h e r  d i s c u s s i o n  a t  t h i s  p o i n t  seems 

Summary and Conclus ions  - 
I f  t h e  l u n a r  h igh lands  p m v e  t o  be dominant ly  of e i t h e r  u l t r a b a s i c  o r  

b a s i c  composi t ion ,  t h e  ques t ion  t o  be answered w i l l  be why t h e r e  is  no l u n a r  

s i a l i c  c r u s t  s imilar  t o  t e r r e s t r i a l  c o n t i n e n t s .  Unless we a r e  t o  a c c e p t  f o r -  

t u i t o u s  e v e n t s .  such as  tk meteoritic t h e o r y ,  f o r  t he  o r i g i n  of c o n t i n e n t s ,  i t  i s  

c l e a r  t h a t  the  answer i s  t o  be found i n  some fundamental  d i f f e r e n c e  between the  

e a r t h  and moon. The m o s t  obvious of t h e s e ,  t h e  presence of a i r  and water  on 

t h e  e a r t h ,  l e a d s  a t  once t o  t h e  geosync l ina l  a c c r e t i o n  t h e o r y ,  which appea r s  t o  

have c r u c i a l  weaknesses and which may imply an  age f o r  t h e  e a r t h  of over  f i v e  

b i l l i o n  y e a r s .  I t  i s  t h e r e f o r e  necessary  t o  c o n s i d e r  a l t e r n a t i v e  r easons  f o r  

t he  e x i s t e n c e  of c o n t i n e n t s .  

The o t h e r  major  d i f f e r e n c e s  between the  e a r t h  and moon a r e  s i z e  and t h e  

e x i s t e n c e  of a c o r e .  R e l a t i v e l y  few a u t h o r s  have i n v e s t i g a t e d  t h e  p o s s i b l e  

r e l a t i o n s  among t h e  e a r t h ' s  s i ze ,  i t s  c o r e ,  and t h e  format ion  of s i a l i c  c r u s t ,  

perhaps  because of b e l i e f  t h a t  sedimentary rocks  have played a d i r e c t  o r  i n -  

d i r e c t  r o l e  i n  t h e  format ion  of c a l c a l k a l i n e  magmas. However, i t  appea r s  

p o s s i b l e ,  i n  t h e  l i g h t  of r e c e n t  papers  by B i rch  (1565) and Matsumoto (19651, 

t h a t  p r imord ia l  c o n t i n e n t s  may have been formed as a r e s u l t  of e a r l y  and 

g e o l o g i c a l l y  r a p i d  s e g r e g a t i o n  of  the co re .  Such s e g r e g a t i o n  would have 

g r e a t l y  r a i s e d  t h e  tempera ture  of the e a r t h ' s  i n t e r i o r ,  and would have tended 

t o  promote complementary d i f f e r e n t i a t i o n  of t he  e n t i r e  d e p t h  of the mantle  

(which might be necessa ry  t o  provide the  observed uranium i n  t h e  c o n t i n e n t s  

( B i r c h ,  1965) ) .  Deep-seated magmatic p r o c e s s e s ,  such  as those  desc r ibed  by 

Matsumoto, could  have l e d  t o  formation of "p iezo  c a l c - a l k a l i n e  rocks." The 
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g r e a t  amount of excess h e a t  would c e r t a i n l y  f a v o r  r a p i d  c o n v e c t i o n  o v e r t u r n ,  

which would i n  t u r n  b r i n g  t h e  c a l c - a l k a l i n e  r o c k s  r a p i d l y  t o  t h e  s u r f a c e  and 

c o n c e n t r a t e  them i n  one hemisphere,  as proposed by Hess (1962) .  The r e s u l t  

might  be pr imordia l  s i a l i c  c o n t i n e n t s  of c o n s i d e r a b l e  s i z e  and t h i c k n e s s ;  

l a t e r  c o n t i n e n t a l  e v o l u t i o n  would t h e n  have been by s u b o r d i n a t e  v e r t i c a l  and 

l a t e r a l  a c c r e t i o n ,  w i t h  p o s s i b l e  r e - d i s t r i b u t i o n  i n  some a r e a s  by s e a  f l o o r  s p r e a d i n g ,  

Should t h e  l u n a r  h i g h l a n d s  be s p e c i f i c a l l y  of basa l t i c  composi t ion ,  i t  

would be necessary  t o  c o n s i d e r  t h e  p o s s i b i l i t y  t h a t  t h e  e a r t h ' s  lower c r u s t a l  

l a y e r ,  g e n e r a l l y  cons idered  b a s a l t  under t h e  oceans and g a b b r o i c  o r  a m p h i b o l i t i c  

under  t h e  c o n t i n e n t s ,  i s  t h e  p r i m o r d i a l  c r u s t  of t h e  e a r t h  ( d o u b t l e s s  much 

m o d i f i e d ) .  T h i s  c o n f l i c t s  s q u a r e l y  w i t h  t h e  p r e s e n t l y  popular  b e l i e f  t h a t  t h e  

o c e a n i c  c r u s t  i s  g e n e r a l l y  younger t h a n  t h e  c o n t i n e n t s ;  i t  i s  t o  be hoped t h a t  

JOIDES may s e t t l e  the problem a t  about  t h e  same t i m e  it arises.  

S i a l i c  l u n a r  h i g h l a n d s  would, more t h a n  any o t h e r  p o s s i b i l i t y ,  fDrce a 

major  r e e v a l u a t i o n  of  t h e o r i e s  on t h e  D r i g i n  of c o n t i n e n t s .  B a r r i n g  t h e  u n l i k e l y  

d i z e 3 v e r y  of major water-dependent sed imentary  p r x e s s e s  3n t h e  moon, such a corn- 

p o s i t i o n  would s t r o n g l y  sugges t  t h a t  t h e  c o n t i n e n t s  are p r i m a r i l y  i g n e o u s ,  and 

were d e r i v e d  from t h e  mantle  e a r l y  i n  g e o l o g i c  t i m e .  A f u r t h e r  i m p l i c a t i o n  

would be t h a t  growth of t h e  ocean b a s i n s ,  r a t h e r  t h a n  of t h e  c o n t i n e n t s ,  i s  

r e s p o n s i b l e  f o r  the p r e s e n t  d i v i s i o n  of t h e  e a r t h ' s  s u r f a c e .  T h i s  may have 

been accomplished by mantle  c o n v e c t i o n  and r e l a t e d  p r o c e s s e s ,  e i t h e r  e a r l y ,  i n  

a s i n g l e  c y c l e  of o v e r t u r n ,  o r  over  g e o l o g i c  t i m e  by c o n t i n e n t a l  f o u n d e r i n g  

coupled w i t h  sea f l o o r  s p r e a d i n g .  

t h e  p r o c e s s  i s  r e l a t i v e l y  s imple :  

b u r i e d  by b a s a l t  f lows ,  perhaps i n i t i a t e d  by impact .  ~f t h i s  i s  indeed t r u e ,  

i t  would s t r o n g l y  s u p p o r t  t h e  p r o c e s s  o f  b a s i f i c a t i o n  proposed by Beloussov 

and o t h e r  Russ ian  a u t h o r s .  

However, it would a p p e a r  t h a t  on t h e  moon, 

p a r t s  of t h e  h i g h l a n d s  a r e  p a r t l y  o r  e n t i r e l y  
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The f a c t  t h a t  most of  t h e  p o s s i b l e  i n f e r e n c e s  p r e s e n t e d  he re  a r e  e i t h e r  

i n  d i r e c t  c o n t r a d i c t i o n  t o  c u r r e n t l y  popular  concep t s  of c r u s t a l  e v o l u t i o n ,  

o r  sugges t  e s s e n t i a l l y  new l i n e s  i n  i n q u i r y ,  demonst ra tes  the geo log ic  

importance of e x t e n s i v e  l u n a r  e x p l o r a t i o n .  However, it i s  appa ren t  t h a t ,  

c o n t r a r y  t o  som e e x p e c t a t i o n s  ( s e e ,  f o r  example,  Lowman, 1966) ,  l u n a r  

e x p l o r a t i o n  w i l l  n o t  provide  immediate,  unambiguous answers  t o  the problem 

of c o n t i n e n t a l  fo rma t ion  because t h e r e  are t h r e e  major v a r i a b l e s  involved  

i n  t h e  earth-moon system: atmosphere/hydrosphere,  core  fo rma t ion ,  and 

s i z e .  Study of t h e  l u n a r  h ighlands  w i l l  be of g r e a t  va lue  i n  narrowing the  

c h o i c e s ,  b u t  a geochemical probe of Venus would be of f u r t h e r  va lue  by 

p e r m i t t i n g  a b e t t e r  unde r s t and ing  of t h e  r o l e  of atmosphere-dependent 

p r o c e s s e s ,  as  opposed t o  those of mass and c o r e  s e g r e g a t h n ,  i n  the  fo rma t ion  

of s i a l i c  c rus t .  

Ac know1 e dgme n t s 

I am indeb ted  t o  many co l l eagues  a t  Goddard Space F l i g h t  Cen te r  and 

e l sewhere  f o r  d i s c u s s i o n s  and sugges t ions ;  s p e c i a l  thanks a r e  due t o  

J. A. O'Keefe, M. Abdel-Gawad, H. H. Thomas, C .  C. S c h n e t z l e r  and H. W. Blodget .  

Two rev iewers  made many h e l p f u l  sugges t ions  which r e s u l t e d  i n  major 

r e v i s i o n  of t h e  paper .  
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